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INTRODUCTION
The growing international concern about the rapid atmospheric chemistry changes over the globe and their impact on humankind led to the creation of the International Global Atmospheric Chemistry (IGAC) Project. The overall goal of IGAC is "to develop a fundamental understanding of the natural and anthropogenic processes that determine the chemical composition of the atmosphere and the interactions between atmospheric composition and biospheric and climatic processes". The IGAC research program is divided into five major research areas, called "Regional Foci". Recognizing that the oceans are both major source and major sink regions, Focus 1 activities study the natural variability and anthropogenic perturbations of the marine atmosphere. The principal precursor emissions in the formation of ozone in the troposphere are oxides of nitrogen (N0.J and volatile organic compounds (VOCs). Thus, work for this project is divided into two parallel tasks: 1) compilation and analysis of global inventories of NOX, and 2) compilation and analysis of global inventories of VOCs. Here we report on the accomplishments and ongoing tasks of this project as of August 1997.
GLOBAL EMISSIONS INVENTORY ACTIVITY
The work for this project is being conducted under the umbrella of the Global Emissions Inventories Activity (GEIA) [M&~Mz, 19921 , a core activity (Activity 6.5 of Focus 6) of the International Global Atmospheric Chemistry (IGAC) Programme [G&&y, 19891 . The ultimate and very ambitious target of GEIA is to establish emissions inventories for a number of trace species, incorporating fluxes from both anthropogenic and natural sources, with recognized accuracy and enough spatial, temporal and species resolution to serve as standard inventories for the international community of atmospheric scientists [&x&& und GraedeZ, 19921 . To accomplish this, GEIA has the following goals: As with all other IGAC activities, GEIA tries to include all interested parties on a volunteer basis. Emissions inventory experts from individual countries, supported by local organizations, conduct their own research while mamtaining contact through a network which includes FAX communication, electronic mail, and participation in periodic face-to-face meetings. The GEIA forum allows participants to discuss their work, draw on the combined expertise of their fellow members, and, most important, to coordinate their efforts so that results of their work are compatible and can be combined with a minimum of effort. The compilation of NOX inventories of anthropogenic emissions for base year 1985 was a project within the GEIA Study Group on Anthropogenic Emissions of SO2 and NOX and included scientists from The Norwegian Institute for Air Research, Kjeller, Norway, The Norwegian Meteorological Institute, Oslo, Norway, and Lawrence Livermore National Laboratory, Livermore, CA, USA [Benkovitz, 1994; Benkovitz, 1995; Benkovitz, 19961 . The work is detailed in Benkovitz et al. [ 19961;  the following is a brief summary and a reprint of the journal article is included in the Appendix. To develop the global inventory of anthropogenic emissions of NOX for 1985 emissions estimates compiled by Dignon [ 19921 were used as the "default" emissions for base year 1985. The default values are used for geographic areas where there were no other emissions estimates available. The default inventory allocated industrial emissions to a loxlo grid based on a 1984 gridded population file (J. Logan, Harvard University, manuscript in preparation, 1997). Emissions from more detailed regional inventories for the United States and Canada to 6O"N [&zeger et uZ., 19891, Europe [Bouscuren, 1992;  [Fu 1988; Ho an Carnov 19891 were evaluated by comparison with estimates in the literature and other known surrogate data such as information on power plants, smelters and other large sources before replacing the regional emissions in the default inventory. The global anthropogenic emissions of NOX for 1985 total 21 Tg N y-l; approximately 84% of these emissions originate in the Northern Hemisphere, with the midlatitude regions of both hemispheres contributing approximately 88% of the total emissions. This inventory is known as the GEIA Version 1A inventory of anthropogenic emissions of NOX and is now available to the scientific commumty at large through the GEIA Data Management project; it has become the "go sta in Atmospheric Chemistry research.
NOx Emissions for Base Year 1990
A global inventory of anthropogenic NOX emissions by country for 1990 has been developed in collaboration with the Netherlands National Institute of Public Health and Environmental Protection (Rijksinstituut Voor Volksgezondheid en Milieuhygiene, RIVM) and the Division of Technology for Society of the Netherlands Organization for Applied Scientific Research, (IMW-TNO). The Dutch effort is part of the Emission Database for Global Atmospheric Research (EDGAR) project [Bua et aZ., 1991; Ber 1992; OZ et aZ 19941. This section describes the methodologies and data sources used to compile the initial version of the by country inventory and at BNL the gridded, speciated, and 2-level vertical resolution version of this inventory. Additional work is in progress to refme these estimates.
Methodology and Data Sources
The general formulation used to estimating by country emissions from each source is:
where activi rate is the amount of fuel burned, or units produced, etc. and emi factor is the emissions per unit activity rate.
NOX sources were divided into four main source sectors and several sub-sectors according to the sectoral definitions used by the IEA [ 1992b] ; the sector and sub-sector deftitions used in this work are presented in Table 1 . Activity rates for each sub-sector were obtained on a per country basis, with the IEA energy statistics 1971-1992 being the primary data source for 112 IEA countries. Calculations were extended to 71 countries using IEA totals and country splits according to UN data [ 1993e; 1994a; 1994b] . For the Biofuel combustion sector the activity levels for total biomass use per country were taken from [H&Z et LIZ., 19941 except for some industrialized countries.
Uniform global emission factors for NOX were derived from a number of sources. For example, for fossil fuel combustion, the IPCC recommended data from Olivier et al., [ 19951;  these data were used for combustion of coal and oil products. Data from Veldt et al. [Wdt and Berdowski, 1995a] were used as the emission factors for the Biofuel and Industrial processes sectors. Default emission factors were taken from TN0 Emission Registration (1987, 1990, and 1992) , US EPA AP-42 [U.S. EnvironmentuZ Protection Agency, 19851 , and the AIRCHIEF CD-ROM system. For Biomass and Agricultural waste burning, the default emission factors were taken from Andrae [1991] .
BNL's main contribution to the collaborative effort were: a) the development of a global coal production map for 1990 for the U.S., b) providing data on oil and gas production in the US, and c) providing data from the inventories compiled for the National Acid Precipitation Assessment Program (NAPAP) [,Sueger et uZ., 19891 . To develop the 1990 coal production map for the U.S., the location and status (active or inactive) for U.S. mines were assembled, mainly from the information in the National Energy Information Center (NEIC) database at the Washington office of the Bureau of Mines ( D. Teeters, U.S. Bureau of Mines, Intermountain Field Operations Center, personal communication, 1996) . A three-tier search -by city, mine name and zip code -was done to identify the mines and their locations. For mines which did not figure in the NEIC database, the locations were approximated by the latitude and longitude of the city or the centroid of the county where the mine is located; this information was derived from several geographic atlas. The oil and gas production information was based on the World Petrochemical Survey 1993 from the Oil and Gas Journal Energy Database (PennWell Publishing Company, Tulsa, OK). Data fries for the NAPAP inventory were acquired from the U.S. Environmental Protection Agency (J.D. Mobley, personal communication, 1996) . Development of the gridded inventory BNL gridded the by country emissions to a 1 Ox lo grid and then provided seasonal resolution, speciation to NO and NOZ, and two level-vertical resolution -surface and greater than 100 m. Except for sub-sectors Aircraft and International shipping in Fossil fuel combustion sector and sub-sectors Deforestation and Large biomass burning in Land useWaste treatment sector the by-country emissions for all other sectors were allocated to a loxlo according to a gridded 1990 population file developed by Li [ 19961. This fne uses the 1990 UN country codes, including the post-cold-war political realignments, with the following additional "countries": Canary Islands, Gaza Strip, Guernsey, Israeli-occupied-territories, Jan-Mayen, Jersey, St. Helena, St. Martin. To reconcile the country definitions in the population and in the emissions files, emissions for East and West Germany were added and assigned to the UN code for Germany. The USSR emissions were split among its present republics, Azerbaijan, Armenia, Belarus, Estonia, Georgia, Kazakhstan, Kyrgystan, Lithuania, Latvia, Russia, Tadzhikistan, Turkmenistan, Ukraine, and Uzbekistan on the basis of population. Similarly, emissions from Czechoslovakia were assigned to the Czech-Republic and Slovakia by population. Countries like Netherland Antilles, Panama, Yemen, and St. Helena had different UN code in the emissions and population fries. The codes in the emissions file were incorporated in the population fne. Jersey and Guernsey, which were part of the population fne but not the emission file, were merged with the United Kingdom; sirniIarly, the Gaza-strip and the Israeli-occupied-territories were merged with Israel.
For the Aircraft and International Shipping subsectors gridded data developed for EDGAR Version 2.0 (EDGAR V2) were incorporated directly into the fmal emissions. For subsectors Deforestation and Large Biomass burning, although by-country emissions were available, in the absence of a suitable surrogate_gridded fileygridded data from EDGAR V2 were also used. This allowed maintenance of the spatial allocation information as well as compatibility and transparency between our gridded inventory and the original EDGAR V2 data.
The GEIA Version 1B inventory of NOX emissions for 1985 [&&uv~~z et al, 19961 (M.T. Scholtz, ORTECH International, Toronto, Canada, personal communication, 1996) presents seasonal emissions fo.r NO and NO2 with 2-level vertical resolution. From this inventory at each grid cell the fraction of NO and NO2 emissions for each season and at each vertical level were calculated. These fractions where then applied to the tota.l gridded NOX emissions for 1990 to obtain the by season, speciated, two-level inventory.
Initial results
Global emissions of NOX for 1990 are estimated to be approx 31 Tg N. Summaries by geographic region are presented in Table 1 and Figure 2 : summaries by sectors are presented in Table 1 and Figure 3 . The U.S.A. contributes approximately 24% of the global emissions, Western Europe contributes approximately 13%, and CIS region (Russia and the Baltic republics) and the China region (China, Hong Kong, Kampuchea, Laos, Macau, Mongolia, North Korea, Taiwan, and Vietnam) each contribute approximately 11%. Emissions from fossil fuel combustion contribute 70% of the global total, with more than half of these ernissions originating in the USA, OECD Europe, the former USSR, and China regions. The Land use/waste treatment sector contributes 20% of the global emissions, with Industrial processes and Biofuels use sectors contributing approximately 5% each. In the Latin America and Africa regions the Fossil fuel combustion sector contributes less than 50% of the regional emissions due to large emissions from the Land use/waste treatment sector.
The Road transport sub-sector contributes 44% and the Power generation sub-sector contributes 29% of the global emissions from the Fossil fuel combustion sector. The China+ region contributes about 25% of the emissions from the Industrial sub-sector and over 15% to the emissions from Residential sub-sector. For the India+ and Japan regions the Transportation subsector has a relatively high contribution of about 15% and 48% respectively of the regional emissions from the Fossil Fuel Combustion sector, which is probably the result of high coal consumption in rail transport.
Emissions from the Biofuel combustion and Industrial processes sectors are minor compared to the other two main source sectors. Global emissions from the Biofuel Combustion sector in 1990 are 1.55 Tg N; approximately 80% of these emissions are contributed by the residential sub-sector, where fuel wood is the dominant type. The remaining 20% are contributed by the Industrial sub-sector (excluding coke ovens, refineries, gas works, etc.). As seen fiorn Table 1 , two groups of regions can be distinguished in the Industrial and Residential sub-sectors of the Biofuel combustion sector: developed regions and less developed/developing regions. The majority of the emissions from the Biofuel combustion sector for developed countries such as the USA, Western Europe, Canada, etc. are from Industrial sub-sector; USA and Western Europe contribute 50% of the emissions from this sub-sector. For the less developed/developing countries, the Residential sub-sector contributes the large majority of emissions from the Biofuel combustion sector; India+ (20%), China+(30%), Africa (15%) and Latin America (9%) together contribute approximately 75% of the global emissions from this sub-sector.
More than 70% of the emissions from the Industrial Processes sector are contributed by the building material processes included in the Cement sub-sector. The Iron & Steel sub-sector contributes another 20%, and the Chemicals sub-sector, mainly the production of Nitric Acid and Ammonia, contributes remaining 10% to these emissions. China (14%) and Western Europe(l2%) are the largest contributors to emissions from the Cement sub-sector, while the former USSR is the largest contributor to the emissions from Iron & Steel sub-sector.
The.La_rge scale biomass burning and the Agricultural waste burning sub-sectors contribute approximately 83% of the global emissions from the Land use/Waste treatment sector. Large scale biomass burning occurs predominantly in tropical regions of Africa and Latin America, where this sub-sector contributes about 35% and 11% respectively of global emissions from this sector. These two regions contribute approximately 97% of the emissions from Large scale biomass burning sub-sector. Africa and Latin Americ,a are also the largest contributors to Deforestation sub-sector, contributing 78% of the emissions for this sub-sector. The India+ and China+ regions contribute approximately 36% of emissions from Agricultural waste burning subsector.
In general the distribution of global NOX emissions is largely dependent on the local economic structure and availability of resources, whether it is the use of cement, the production of metals, or regional agricultura+l practices. Although in a number of regions emission reduction technologies are being applied to some extent in the use of coal for power generation, in the automobile industry, and in cement production, these sectors only contribute slightly over half (54%) of global NOX emissions from anthropogenic sources. Geographical distribution of the global NOX emissions for 1990 is presented in Plate 2.
Global NOX emissions for 1990 are approximately 10 Tg N more than the global emissions for 1985 in the GEIA Version 1 inventories. The majority of this difference is due to additional information developed for the 1990 inventory, mainly in the Biofuel Combustion sector, in the Land use/Waste treatment sector, and in the Air and International Shipping subsectors of the Fossil Fuel Combustion sector.
COMPIL,ATION OF INVENTORIES OF ANTHROPOGENIC EMISSIONS OF VOCs

Methodology and Data Sources
An inventory of anthropogenic emissions of Non-Methane Volatile Organic Compounds (NMVOCs) for base year 1990 has been developed as a collaborative effort with the Netherlands National Institute of Public Health and Environmental Protection (Rijksinstituut Voor Volksgezondheid en Milieuhygiene, RIVM) and the Division of Technology for Society of the Netherlands Organization for Applied Scientific Research, (IMW-TNO). NMVOCs addressed in this inventory include all anthropogenic emissions of all organic compounds that exist in the gaseous state at ambient conditions as well as semi-volatile organic compounds from some large contributing source sectors, except for methane and fluorocarbons. This section describes the methodologies and data sources used to compile the initial version of a gridded, speciated version of this inventory. At BNL speciation to the individual chemical compounds was added to the inventory. Additional work is in progress to refine these estimates.
The general formulation used to estimate emissions has been described in the previous section. For some sources the emission rates are influenced by environmental parameters, for example, evaporation losses from traffic; these effects were taken into account when estimating their emissions. For some source sectors, such as solvent use, "NMVOC ernimimzs = use = s&s" is valid, but for other sectors emission factors must be used. Uniform global emission factors for NMVOCs were derived from a number of references. For example, for biomass burning, including agricultural waste burning, the emission factors from Veldt and Berdowski [VeZdt und Berdowski, 1995b] were used. Many other references for activity data and emission factors were used, the most important being Passant [Pawznt, 19931 and trade journals such as Eurocoat, Pa&India, Farbe 8~ Lack, European Chemical News, Chemical 8z Engineering News, Rubber Statistical Bulletin.
An initial estimate of global emissions of NMVOCs from anthropogenic activities was compiled by Veldt [VeZdt, 19931, and adapted by Berdowski [Berdowski, 19941. Anthropogenic sources contributing to NMVOC emissions were classified according to the source sectors presented in Table 2 and prioritized according to their estimated contribution to these emissions. Total NMVOC emissions were estimated for these source sectors and then speciated to the chemical categories presented in Table 4. BNL's main contributions to the collaborative effort were: a) the development estimates of the worldwide production of petrochemicals, and b) locating world Wilde oil production fields. For the development of estimates of worldwide production of petrochemicals the main references were the World Petrochemical Survey for 1989,1990,1991, and 1993 from the Oil and Gas Journal Energy Database (PennWell Publishing Company, Tulsa, OK), the United Nations Industrial Statistics Yearbook 1989 [United Nations, 19921 and various articles in trade publications [199la; 199lb; 199lc; 199ld; 199le; 1992a; 1992c; 1993a; 1993b; 1993c; 1993d] . The petrochemicals of interest included ammonia, methanol, aromatics, cumene, benzene, ethylbenzene, ethanol, ethylene, ethylene-dichloride, low density polyethylene, high density polyethylene, polyethylene, toluene, xylene mix, para xylene, polyvinyl chloride, vinyl chloride, acetic acid, acetone, styrene, polystyrene, propylene, and polypropelene. Approximately 2,000 oil production fields were located; a summary of the located oil fields by country is presented in [Shareef and Bravo, 19931 ; the data are presented by SCC and include the name and weight percent of each chemical species emitted by the source sector. The total VOC emission values from the EPA 1990 Interim Inventory [U.S. EnvirunmentaZ Protectiun Agency, 19931 were aggregated by SCC and speciated emissions for each SCC were calculated using the appropriate speciation factors. Methane, isoprene, and terpene emissions were discarded, the last two species because these are emitted by biogenic sources. Due to the lack in detail in some EPA NMVOC profiles, 'practical' decisions had to be made in assigning certain chemical compounds present in the U.S. inventory to the global chemical categories. For example, because benzaldehyde is both an aromatic and an aldehyde, it could be assigned to either Other aromatics or to Other alkanals. Speciated emissions from each SCC were then aggregated into the source sectors presented in Table 3 The individual chemical species from this list were classified according to the chemical categories defmed for the global inventory, and for each source sector, emissions were aggregated by these categories. Speciation factors for each source sector and chemical category where derived as the weight fraction of the emissions of each chemical species in each chemical category.
Initial Results
In the following discussion we include statistics from both the global NMVOC inventory developed in this project and from the U.S. EPA interim inventory for 1990 used to develop the by-species factors used in this project. The two inventories include somewhat different sources in some source sectors. For example, in the global inventory the Aircraft sector includes only aircraft landing and take off (LTO) cycles, whereas the US inventory includes not only LTOs, but also engine testing for turbojets. Table 2 and Figure 3 present the global NMVOC emissions by source sector; Table 3 and Figure 4 present the US emissions by the same source sectors. Total global emissions are estimated at 173 Gg NMVOC; total US emissions are estimated at 14.5 Gg NMVOC. In the global inventory, the Large biomass burning sector is the largest contributor to the global NMVOC emissions at approximately 20%, followed by small combustion sources (residential, etc.) and mobile sources, which contribute approximately 18% each. In the U.S. approximately 34% of the anthropogenic emissions of NMVOC are contributed by the Solvent use sector, followed by Miscellaneous sector at approximately 16% and Chemical bulk production and MobiIe sources at approximately 12% each. Table 4 and Figure 5 present the global NMVOC emissions by chemical category; Table  5 and Figure 6 present the US NMVOC emissions by the same chemical categories. Alkanes > Cs are the largest contributors to the global emissions of NMVOCs at approximately 13%, followed by Acids which contribnte approximately 11% and Butanes, which contribute approximately 8%. Alcohols contribute approximately 15% to the NMVOC emissions in the U.S., and alkanes > Cs contribute approximately 14%.
Plate 3 presents the geographic distribution of the global NMVOC emissions. The high contribution of the large biomass burning sector in parts of Central Africa and Latin America is evident in this plot.
CURRENT AND FUTURE WORK
Emission inventories are never complete and never correct; therefore one of the principal tasks of the current work is to refine the emissions estimates of NOx and NMVOCs for 1990. The GEIA Working on Anthropogenic Emissions of SO2 and NOx is using the 1990 NOx inventory described here as the default emissions values. The group will search for and evaluate regional inventories for 1990; if appropriate, these data will be substituted for the default values in this inventory. The updated inventory will become the official GEIA inventory for 1990. Additional and updated statistics on activity rates and new work on emission factor are being sought, evaluated and incorporated into the appropriate inventories. Special attention will be paid to the "factors' developed at BNL to speciate the global chemical categories into individual chemical compounds. A search will be made to obtain statistical estimates of uncertainly for the emissions. Though a qualitative uncertainly estimate can be readily developed by assigning different scale levels to different regions on the basis of degree of regional detail and the data used to prepare the emission estimates, a more rigorous, quantitative uncertainly estimate will be sought.
Another task in this project is the estimation of global emissions of NOx and NMVOCs from anthropogenic sources for the base year 1995. Activity rate data and emission factors for this new base year are being identified and examined. The methodologies used to date will be reviewed in light of the new information, and will be modified as appropriate. Emissions will be estimated as an iterative process, the basic by-country values first. Surrogate data needed to give additional temporal, spatial and speciation details will follow the basic work. 
